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Information  on potential  genetic  damage  in  humans  after  exposure  to waste  anaesthetic
gases in  Egyptian  hospitals  is scarce.  To  evaluate  the  possible  genotoxic  effects  of  waste
anaesthetic  gases,  the  chromosomal  aberrations  [CA]  and the  sister  chromatid  exchange
[SCE] tests,  were  studied  in peripheral  blood  lymphocytes  in 26  operating  room  personneleywords:
asted anesthetic gases
uman  lymphocytes
enetic  study
(exposed  group)  currently  employed  at Tanta  University  hospitals,  in  comparison  to  a  group
of 13  non-exposed  persons  (control  group),  matched  by  age, sex  and  smoking  habits.  The
results  showed  a statistically  signiﬁcant  increase  in  chromosomal  aberrations  and  sister
chromatid  exchange  in  the  exposed  persons  in  comparison  to controls.  Also  it  suggests  that
exposure to waste  anaesthetic  gases  has the  potential  to  cause  changes  in  human  genome.
 
 . Introduction
During surgery under general anesthesia there is
nevitable pollution of the theater by vapors of wasted
nesthesitic gases. The degree of pollution depends upon
any  factors including the quality of the anesthesia
achine, the scavenging system, techniques of anesthe-
ia  used by anesthesiologist (e.g. open, semi-closed, closed
r  low ﬂow methods) and lastly the whole ventilation sys-
em.  It is found that the highest concentration around the
nesthesia machine is maximum at the area for anesthe-
ia  staff then less at the area for surgeons and scrub nurses
1–4].
Toxicity from exposure to even low levels of wasted
nesthesia gases proved to be toxic. Attention to the
azardous effects of theater pollution began in the mid-
le  of 1960, with many studies attributed on it. Chronic
egular exposure to even low levels of wasted anes-
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thetic gases was  found to have critical effects on DNA
[5–10].
The  stimulus to conduct our study came from the cir-
cumstances in our hospital (Tanta University Hospital) as
we  still use halothane as inhalational anesthetic in many
operations due to low cost and at the same time, lack of
scavenging systems in our theaters. We  think that it is dif-
ﬁcult  to ﬁnd such circumstances to conduct this study in
other  places at this time.
The effects of human exposure to genotoxic mediators
can be examined using different genetic indicators. The rel-
evance  of chromosomal aberrations (CA) as a biomarker
has been highlighted by epidemiological studies suggest-
ing  that a high frequency of CA is predictive of an increased
risk  of cancer [11–17]. In addition, CA is one of the most
sensitive cytogenetic parameters [18,19].
Sister-chromatid exchange (SCE) reﬂects an inter-
change of DNA sequences between helices in a replicating
chromosome [20]. The analysis of SCE has been con-
sidered to be a highly sensitive tool to measure
Open access under CC BY-NC-ND license.mutagenic/carcinogenic potential of various environmen-
tal  agents [21,22].
So  we used the CA and SCE to estimate the genotoxic
risk of exposure to halothane on anesthetic personnel.
access under CC BY-NC-ND license. 
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2. Materials and methods
2.1.  Subjects
The study involved 39 subjects divided into exposed and
control  groups. The exposed group was composed of 26
subjects  from anesthetic personnel [anesthesia staff, tech-
nicians  and operating room nurses]. The control group was
selected  as non-smokers from other non-surgical depart-
ments  of the hospital. It was composed of 13 subjects
matched for age and sex. Each person was interviewed
using a standardized questionnaire about demographic
data and data about the average period of exposure in hours
per  day and the duration in years, drug intake, chronic dis-
eases,  X-ray exposure in the last 3 months and smoking.
2.2.  Description of the workplace
The operating rooms were in range air volume of
130–200 m3. Air was conditioned by ordinary air condi-
tioners. No laminar ﬂow system producing an air exchange.
The  anesthetic gases used were halothane in most cases
(78.6%) and isoﬂurane (22.4%). The exhaust outlets of the
anesthesia machines drain to the operating rooms atmo-
sphere  [scavenging systems not available].
2.3. Lymphocyte cultures, metaphase preparation and,
SCE
Blood  (1 ml)  was drawn into heparinized vacutainers.
Blood samples were coded to avoid possible bias and to
be  analyzed blindly. Cultures were set up within minutes
after collection according to the chromosome analysis pro-
tocols  described by Gosden (1994) [23]. The protocol for
sister-chromatid exchange described by Latt (1981) [20],
was  used. Freshly obtained blood samples were cultured in
[4  ml]  RPMI 1640 medium [Bio-West], supplemented with
(1  ml)  fetal bovine serum [Bio-West], 10% phytohemag-
glutinin (Bio-Chrome), and 0.1 ml  penicillin, streptomycin
(Sigma–Aldrich). For each culture, 0.5 ml  of whole venous
blood  was inoculated at 37 ◦C into a sterile plastic culture
tube  with 5 ml  of complete culture medium, for 72 h.
For SCE analysis and cell kinetics, Bromodioxuridine
(BrdU) was added to the culture after 24 h from initiation,
at  a ﬁnal concentration of 5 g/ml. Colcemid was added to
all  cultures 2 h before harvesting at a ﬁnal concentration of
0.025  g/ml.
At the end of the 2 h, tubes were centrifuged at 1000 rpm
for  10 min, the supernatant was removed, the cells were
mixed thoroughly, and 5 ml  of prewarmed hypotonic
solution (0.075 M KCl) was added. The cells were then incu-
bated  at 37 ◦C for 20 min. The tubes were centrifuged again
at  1000 rpm for 10 min, the supernatant was removed, the
pellet  was mixed thoroughly, and 5 ml  of fresh ﬁxative (one
part  acetic acid to three parts methanol) was added drop by
drop.  This ﬁxative procedure was repeated twice more and
the  tubes were centrifuged for the last time, then the cell
pellet  was resuspended in a small volume (0.5–1.0 ml)  of
fresh  ﬁxative and dropped onto a clean microscope slide
and  dried at room temperature. The coded slides were and Ultrastructure 1 (2013) 89–95
scored  blindly under a microscope. For each subject, at least
two  lymphocyte cultures were set up.
2.4. Cytogenetic analysis
A  total of 50 well-spread metaphases (25 from each
of  at least two  replicate slides) with 46 ± 1 chromo-
somes from different cultures were analyzed per subject.
Chromosome- and chromatid-type aberrations, including
gaps,  were recorded. A chromatid lesion shorter than the
diameter of the chromatid was classiﬁed as a chromatid gap
and  a lesion with a length equal to or longer than the diam-
eter  of the chromatid was  classiﬁed as a chromatid break.
The  chromosomes with one of the arms shorter than its
sister  were considered having deletions.
The dicentric chromosome was diagnosed in chromo-
somes with two centromeres. The occurrence of a part
of  chromosome or a chromosome without centromere,
was  classiﬁed as acentric fragment. The total chromosomal
aberrations including and excluding gapes were calculated
and  correlated to the duration of exposure and the age.
The  number of metaphases/500 cells for each subject was
counted  to determine the mitotic index (MI) [24].
For cell cycle kinetics, ﬁrst mitotic division (M1) where
both  chromatids of each chromosome stained dark, second
mitotic  division (M2) where the chromosome appeared
with one chromatid stained dark and its sister chro-
matid stained light (harlequin chromosome), and third
mitotic division (M3) where the metaphases have some
chromosomes lightly stained and others with harlequin
appearance, M1,  2, 3 metaphases were counted from a total
of  100 metaphase cells per subject. The replicative index
(RI)  was  calculated as RI = 1 × M1  + 2 × M2  + 3 × M3/100
[10]. Fifty-well spread and completely differentiated sec-
ond  division metaphase (M2) plates were counted for each
subject  to compute the mean SCE frequency/cell.
2.5. Statistical analysis
The  Student t-test and Mann–Whitney U-test were used
for  statistical analysis and interpretation of the results
regarding the frequencies and types of CA, including and
excluding gaps, MI,  PRI and SCE. The level of statistical sig-
niﬁcance  was  set at P < 0.05. The correlation between the
duration of exposure and the frequency of CA were admit-
ted  using the Pearson correlation coefﬁcient and trends,
with  the SPSS computer program.
3. Results
The job-related levels of genetic damage in anesthesiol-
ogists’ staff as a result of exposure to waste anesthetic gases
were  assessed as regard to CA and SCE analysis. Table 1 rep-
resents  the distribution of subjects with respect to age, sex,
smoking,  hours of exposure per day and years of exposure.
The  two studied groups had nearly matched demographic
characteristics. The mean age of the exposed group was
31.192  ± 3.06, ranging from 20 to 58 years, and that of con-
trols  was 39.53 ± 10.42, ranged from 21 to 55 years. The
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Table 1
characteristics of the studied groups.
Variables Exposed personnels Controls
No.  = 26 No. = 13
Age Mean  ± SD 31.192 ± 3.06 Mean ± SD 39.53 ± 10.42
Range = 20–58 Range = 21–55
Sex
Males 15 (57.7%) 6 (46.2%)
Females 11 (42.3%) 7 (53.8%)
Smoking
Non-smokers 24 (92.3%) 13 (100%)
Smokers 2 (7.7%) 0 (0%)
Hours of exposure Mean  ± SD 9.077 ± 2.93
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frequent CA observed in the both groups, where the
mean ± SD of them were (4.923 ± 2.682 and 0.846 ± 0.128)
for  the exposed and control groups respectively, followed
by  the second frequent chromosomal aberration which
Table 2
Difference between control and exposed groups as regards the studied
variables.
Variables Exposed personnels Controls P-value
Gap Mean ± SD Mean ± SD <0.001**
4.923 ± 2.682 0.846 ± 1.28
Range  = 0–9 Range = 0–3
Break Mean ± SD Mean ± SD 0.021*
1.269 ± 1.282 0.769 ± 1.23
Range  = 0–5 Range = 0–4
Del Mean ± SD Mean ± SD <0.001**
1.00 ± 1.1 0.00
Range  = 0–3 Range = 0Range = 2–12 h/d 
Years of exposure Mean  ± SD 10.89 ± 1.93
Range  = 1–30
uration of exposure ranged from 1 to 30 years, for an
verage period of 10 h per day for at least 6 days per week.
.1.  Chromosomal aberration assay
The chromosomal pattern of the studied groups was
nalyzed for structural chromosomal aberrations (CA). The
ntity  results regarding the frequency and type of CA are
hown  in Table 2. In the operating room personnel there
as  a signiﬁcant increase in the total chromosomal aber-
ations  including and excluding gaps (CAi, CAe), when
ompared with controls (P < 0.05).
The  normal human metaphase chromosomes appeared
pread to form the classic four arm structure, a pair of sister
hromatids attached to each other at the centromere. The
horter  arms are called p arms and the longer arms are
alled  q arms. Human cells have 23 pairs of chromosomes,
iving a total of 46 per cell (Fig. 1).
The control group showed four types of the chro-
osomal aberrations, however, the exposed personnel
etaphases showed many types of structural aberrationshat appeared singly or in combination inside the same cell
Fig.  2).
All  types of CA showed a statistically signiﬁcant increase
n  the exposed group with respect to controls except for
ig. 1. Photomicrograph of normal human metaphase spreads from
hytohemagglutinin-stimulated peripheral blood lymphocytes which
ppears to form 46 chromosomes with the classic four arm (a pair of sister
hromatids attached to each other at the centromere.)Not exposed
Not exposed
dicentric chromosomes (Figs. 2 and 3) as the difference was
not  signiﬁcant.
Chromatid\chromosome gaps (Fig. 4) were the mostDicentrics Mean ± SD Mean ± SD 0.965
0.730  ± 0.769 0.769 ± 1.091
Range  = 0–3 Range = 0–4
Fragment Mean ± SD Mean ± SD 0.042*
2.846 ± 1.897 1.461 ± 1.898
Range = 0–7 Range = 0–6
CAi Mean ± SD Mean ± SD <0.001**
10.692 ± 4.994 4 ± 4.397
Range = 0–18 Range = 1–17
MI Mean ± SD Mean ± SD <0.001**
68.923 ± 30.339 30.154 ± 22.218
Range  = 23–143 Range = 10–90
CAe Mean ± SD Mean ± SD 0.020*
5.962 ± 2.863 3.154 ± 3.46
Range = 0–11 Range = 1–14
SCE Mean ± SD Mean ± SD <0.001**
4.91 ± 1.97 3.06 ± 1.59
Range = 0–8 Range = 1–13
PRI Mean ± SD Mean ± SD 0.865
1.77  ± 0.51 1.53 ± 0.35
CAi, chromosomal aberrations including gaps; CAe, chromosomal aberra-
tions excluding gaps; Del, deletion; MI, mitotic index; PRI, proliferative
rat index.
** P < 0.001.
* P < 0.05.
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Fig. 2. Photomicrograph of human metaphase spreads showing dicen-
tric chromosomes (arrows), deletions (circles), the upper circle shows
dicentric and deletion.
Fig. 3. Photomicrographs of human metaphases spread showing dicentric
chromosomes (arrows).
Fig. 4. Photomicrographs of human metaphases spread showing chro-
matid gaps (arrows) and chromosome gap (right down metaphase).
Fig. 5. Photomicrographs of human metaphases spread with 47 chromo-
somes showing acentric chromosomes (fragments) (arrows).Fig. 6. Photomicrographs of human metaphases spread showing chro-
mosomal breaks (circles), deletions (rectangle) and acentric fragment
(arrow).
was  the acentric fragments (Figs. 5 and 6) in the mean of
(2.846  ± 1.897 and 1.461 ± 1.898).
Chromatid\chromosome breaks (Fig. 6); were also
detected to be signiﬁcantly higher in exposed group in
oppose  to control one (1.269 ± 1.282 and 0.769 ± 1.230).
However deletions (Figs. 2, 6 and 7) were the struc-
tural aberrations which are seen only in the examined
metaphases of exposed persons where the mean was
(1.00  ± 1.10).
Regarding the mitotic activity of the cells, there was a
signiﬁcant increase in the mean of mitotic index of exposed
personnel (68.923 ± 30.339) compared to that of the con-
trol  (30.154 ± 22) (Table 2).
Years  of exposure to waste gases of anesthesia showed
a  positive correlation to total CA frequency but age seemed
to  have no alliance with CA frequency when compared by
Pearson  test.
3.2.  Sister chromatid exchangeRegarding  the sister chromatid exchanges in the cells
(Fig.  8), there was a signiﬁcant increase in the mean of
the  exchanges between the sister chromatids per cell in
E.A.-E. Aldrieny et al. / Journal of Microscopy
Fig. 7. Photomicrograph of human metaphase spreads showing deletions
(cirles).
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gig. 8. Photomicrograph of human metaphase spreads showing 20 SCEs
arrows).
xposed personnel (4.91 ± 1.97) compared to that of the
ontrol  (3.06 ± 1.59), (P < 0.001**) (Table 2).
The  values for the proliferative index proved non sig-
iﬁcant difference between exposed and control people
Table 2).
.  Discussion
Hospital persons are occupationally exposed to vari-
us  agents known or suspected to induce chromosome
amage; the focused studied being waste anesthesia gases.
xposure measurements taken in operating rooms during
he  clinical administration of inhaled anesthetics denote
hat  dissipate gases can escape into the room air from
ssorted components of the anesthesia release system. In
ddition,  chosen anesthesia techniques and inappropriate
ractices also can contribute to ﬂee of waste anesthetic
ases into the operating room environment. and Ultrastructure 1 (2013) 89–95 93
Over the years there has been signiﬁcant perfection in
the  control of anesthetic gas pollution. However, occupa-
tional exposure to waste gases still occurs [10].
The aim of this study was  to evaluate the genotoxic
damage in persons employed as operating room person-
nel  [anesthesia unit doctors, nurses and technicians] in
Tanta  University hospital, where they are working in the-
aters  with low measures of health safety as well as using
halothane which proved to be genotoxic [5,6] and so pro-
hibited  in different countries as a type of anesthesia for
humans. In addition, many persons of the anesthesia staff
suffered  from or even died with different types of cancers.
We  believe in the fact that specially in cancers, a cause-
effect relationship has never been proved, but also chronic
exposure to toxicants represents a relevant risk factor for
the  development of diseases associated with genetic dam-
age.  This investigation was conducted to evaluate until
which  extent this staff is affected, by utilizing the CA and
the  SCE tests.
Although actual evidence supporting the role of chro-
mosomal alterations in early stages of cancer has been
available for a long time, the ﬁrst epidemiological data
showing that the frequency of CA in peripheral lympho-
cytes may  predict cancer incidence in human populations
were published in early 1990s [14,25–28]. The black box
that  remains the core of a cancer cell is now becoming dark
gray.
CA  are small fractions of a huge amount of changes in
chromosomal DNA and reﬂect an enormous plasticity of the
genome  which has far reaching consequences for evolution
[29].
To  understand how the chromosomes are aberrant,
gaped or braked, it is hypothesized that breakage in DNA
was  connected to “replication.” As cells divide, the DNA
inside  those cells must duplicate, which is called replica-
tion.  It is revealed that the chromosomes were breaking
because replication was stalled. It is found that the frag-
ile  sequence actually stops replication, so when replication
gets there, it has trouble, it stops, it pauses, it can’t go fur-
ther  very easily. Most of the time, chromosomes break and
heal  correctly. The problem arises when they do not heal
correctly and instead are deleted or rearranged; cancer cells
almost  always have some sort of deletions or rearrange-
ments [29].
Experimental analyses have shown that DNA double
strand breaks [DSB] are the principal lesions in the process
of  CA formation [30–32]. The majority of chemical muta-
gens  are not able to induce DSB directly but lead to other
lesions in chromosomal DNA which during repair, or DNA
synthesis, may  give rise to DSB and eventually to CA [33,34].
More  than two  DSB can be involved in the formation of
CA  by the DSB-repair mechanisms, and it is imaginable that
these  different mechanisms can participate in the forma-
tion  of complex aberrations [29].
Sister-chromatid exchange [SCE] is a reciprocal
exchange of DNA segments between sister-chromatids
at identical loci. This event occurs during DNA synthesis,
although the underlying mechanism is not clear up till
now,  it is known to be associated with DNA replica-
tion and repair [20]. The assessment of SCE has been
considered to be a highly sensitive tool to evaluate
croscopy94 E.A.-E. Aldrieny et al. / Journal of Mi
mutagenic/carcinogenic potential of various environmen-
tal agents. This test has gained popularity in order to detect
and  differentiate among chromosome fragility caused by
human  diseases that may  predispose to neoplasia
[21,22].
In the present study, peripheral blood lymphocytes
from controls and persons exposed to waste gases of
anesthesia examined for the incidence of chromosomal
aberrations. The results showed signiﬁcant increase of total
chromosomal aberrations [including and excluding gaps]
in  exposed personnel than control. These chromosomal
aberrations were in the form of [gaps, breaks, fragments,
dicentrics, and deletions that not found in controls]. In
agreement with our results, Lamberti et al. (1989) [35],
who  compared hospital workers occupationally exposed
to  low level anesthetic gases with normal population, and
a  signiﬁcant difference were observed for the frequen-
cies of the different chromosomal abnormalities examined,
they  also added that operating room environments should
be  closely monitored to minimize risk factors while safe-
guarding patients. In fact, however mild in the long
run, the effects could add up to and prove harm to
personnel.
The increased frequency of aberrations in the exposed
subjects in this study conﬁrmed previous results of Rozgaj
et  al. (1999) [36], and the results of other authors [37–41].
Rozgaj et al. (2001) [42] examined whether chro-
mosomal damage could serve to indicate exposure to
anesthetics and recorded that, while the increase in sister
chromatid exchange frequency was not signiﬁcant, chro-
mosome  aberrations frequency increased signiﬁcantly.
A signiﬁcant higher rate of cellular genetic damage in
terms  of SCEs were recorded in this investigate regarding
the  exposed opposing the non-exposed persons. These
results coincide with that of Bilban et al. (2005) [41] and
also  with Hoerauf et al. (1999) [7] who studied the inci-
dence of waste anesthetic gases induced sister chromatid
exchanges in lymphocytes of operating room personnel
and concluded that exposure to even trace concentrations
of waste anesthetic gases may  cause genetic damage com-
parable  with smoking 11–20 cigarettes per day.
In agreement with our results Chandrasekhar et al.
(2006) [10] evaluated the genetic damage in operating
room personnel exposed to anesthetic gases and found
chromosome aberrations and micronucleus frequencies
increased signiﬁcantly in the study subjects in comparison
to  the controls.
Similar results for CA were obtained by some authors
[35,37,43], even as others [38,44] reported also a signiﬁcant
increase in SCE frequency in medical workers exposed to
volatile  anesthetics. However, other studies could not iden-
tify  a signiﬁcant increase in SCE frequencies in the exposed
groups than in controls as Natarajan and Santhiya (1990)
[45]  who found an increase in SCEs in medical personnel
exposed to anesthetics, although it was not signiﬁcant.
In the same consequence Szyfter et al. (2004) [5] esti-
mated the genotoxic effect of exposure to halogenated
anesthetics in 29 operating room personnel but using
comet assay and compared with those from a control non-
exposed  group. No signiﬁcant differences were detected
between the groups. and Ultrastructure 1 (2013) 89–95
Unfortunately there were some limitations of the study.
We  could not use a direct reading instrument to measure
the  occupational exposure of anesthesiologists to inhaled
anesthetics. Therefore it was  not possible to draw a concise
comparison for dose genetic damage relationship. How-
ever  we replaced it by duration of exposure to aberration
correlation.
In our study there was  a positive correlation between
the total CA frequency and years of exposure to waste gases
of  anesthesia. Lamberti et al. (1989) [35], analyzed how
frequency and years of employment related: their results
highlight a positive correlation in the case of chromosome
aberrations both when the entire exposed population was
considered and when personnel from the different operat-
ing  rooms were considered separately.
Eroglu et al. (2006) [46] suggested that two major points
should be considered when evaluating the current situ-
ation  of occupational risks of inhaled anesthetics. First,
following the recommendations based on the epidemiolog-
ical data to reduce health risks by minimizing occupational
exposure, the working environment can be improved tech-
nically,  possibly resulting in small concentrations of waste
anesthetic gases; and, second, halothane, which is classiﬁed
as  potentially embryotoxic and genotoxic, can be substi-
tuted  with isoﬂurane.
There  is no apparent reason for the lack of agreement
between reported data obtained in various laboratories.
Small variation in laboratory techniques may  be a fac-
tor,  but even when technical aspects are controlled, there
are  still differences which can be due to scorer efﬁciency
or chosen cells to be analyze. So that a background data
is  essential for any laboratory trying to study toxicant
induced chromosomal aberrations in exposed persons.
Nevertheless, we  can conclude that even an expo-
sure for a short duration to waste anesthetic gases leads
to  an increased risk of genetic damage. Whether the
genetic damage established could result in cancer or
other  unpromising health outcome remains uncertain, pro-
vided  an otherwise healthy subject has sufﬁcient DNA
repair mechanisms, and no other health risks—for exam-
ple,  cigarette smoking, immune deﬁciencies, consuming
illness, or other additional potential genetic hazards are
present.  Without doubt, these increased CA and sister chro-
matid  exchange rates may  be hazardous in the long term
and  need further investigation.
The  outcome of our study indicates the danger of expo-
sure  to waste anesthetic agents in the hospitals suggesting
the  need to further minimize the exposure. The waste anes-
thetic  gas scavengers, laminar air ﬂow and air conditioning
equipment should be submit an application and checked
frequently and adequate ventilation should be provided.
Further, preventive health examination of all exposed per-
sonnel  should be carried out from time to time.
However about the international altitude this study sug-
gesting  the need for international strict roles hold up on
evidence based medicine for protection of operating room
personnel.Conﬂict  of interest
No  conﬂict of interest.
roscopy
A
t
a
p
A
b
2
R
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[E.A.-E. Aldrieny et al. / Journal of Mic
cknowledgements
The authors express their sincere thanks to the volun-
eers in the hospital departments for providing facilities
nd  encouragement during the study. This work was  sup-
orted  by the funds provided by Tanta University Egypt.
ppendix A. Supplementary data
Supplementary data associated with this article can
e  found, in the online version, at doi:10.1016/j.jmau.
013.12.002.
eferences
[1] Dobrovolsky L. Air quality in operating theatres: the effect of
waste anaesthetics on personnel and exposure prevention measures.
Indoor Built Environ 2003;12(1–2):113–20.
[2] Sessler D. Risks of occupational exposure to waste anesthetic gases.
Acta  Anaesthiol Scand Suppl 1997;111:237–9.
[3]  Boivin J. Risk of spontaneous abortion in women  occupationally
exposed to anaesthetic gases: a meta-analysis. Occup Environ Med
1997;54:541–8.
[4]  Saurel-Cubizolles M, Hays M,  Estryn-Behar M.  Work in operating
rooms and pregnancy outcome among nurses. Int Arch Occup Envi-
ron  Health 1994;66:235–41.
[5] Szyfter K, Szulc R, Mikstacki A. Genotoxicity of inhalation anaesthet-
ics: DNA lesions generated by sevoﬂurane in vitro and in vivo. J Appl
Genet  2004;45:369–74.
[6] Jaloszynski P, Kujawski M,  Wasowicz M.  Genotoxicity of inhalation
anaesthetics halothane and isoﬂurane in human lymphocytes stud-
ied  in vitro using the comet assay. Mutat Res 1999;439:199–206.
[7] Hoerauf K, Lierz M,  Wiesner G. Genetic damage in operating room
personnel exposed to isoﬂurane and nitrous oxide. Occup Environ
Med  1999;56:433–7.
[8] Hoerauf K, Wiesner G, Schroegendorfer K. Waste anaesthetic gases
induce  sister chromatid exchanges in lymphocytes of operating room
personnel. Br J Anaesth 1999;82:764–6.
[9] Reitz M,  Antonini-Rumpf E, Lanz E. DNA single-strand breaks in
peripheral human lymphocytes after anaesthesia with isoﬂurane–
nitrous oxide–oxygen. Arzneimittelforschung 1993;43:1258–61.
10] Chandrasekhar M,  Rekhadevi V, Sailaja N. Evaluation of genetic
damage in operating room personnel exposed to anaesthetic gases.
Mutagenesis 2006;21(4):249–54.
11] Hagmar L, Bonassi S, Stromberg U. Cancer predictive value of cyto-
genetic  markers used in occupational health surveillance programs:
a  report from an ongoing study by the European Study Group on
Cytogenetic Biomarkers and Health. Mutat Res 1998;405:171–8.
12] Hagmar L, Stromberg U, Bonassi S. Impact of types of lymphocyte
chromosomal aberrations on human cancer risk: results from Nordic
and  Italian cohorts. Cancer Res 2004;64:2258–63.
13]  Bonassi S, Hagmar L, Stromberg U. Chromosomal aberrations in
lymphocytes predict human cancer independently of exposure to
carcinogens. Cancer Res 2000;60:1619–25.
14] Bonassi S, Norppa H, Ceppi M.  Chromosomal aberration frequency
in  lymphocytes predicts the risk of cancer: results from a pooled
cohort study of 22 358 subjects in 11 countries. Carcinogenesis
2008;29:1178–83.
15]  Boffetta P, van der Hel O, Norppa H. Chromosomal aberrations and
cancer  risk: results of a cohort study from Central Europe. Am J Epi-
demiol  2007;165:36–43.
16] Rachet B, Partanen T, Kauppinen T. Cancer risk in laboratory workers:
an  emphasis on biological research. Am J Ind Med  2002;38:651–65.
17] Fenech M.  Biomarkers for genetic damage for cancer epidemiology.
Toxicology 2002;181–182:411–6.
18] Au W,  Badary O, Heo M. Cytogenetic assays for monitoring popu-
lations exposed to environmental mutagens. Occup Med 2001;16:
345–57.
19] Kopjar N, Zeljezic D, Garaj-Vrhovac V. Evaluation of DNA damage
in  white blood cells of healthy human volunteers using the alkaline
comet and the chromosome aberration test. Inst Medc Res Occup
2006;53:321–36.
[
[ and Ultrastructure 1 (2013) 89–95 95
20] Latt S. Sister-chromatid exchange formation. Ann Rev Genet 1981;
15:11–55.
21]  Das B. Factors that inﬂuence formation of sister-chromatid
exchanges in human blood lymphocytes. Crit Rev Toxicol 1988;
19(1):43–86.
22]  Baltacia V, Zeyneloglub B. Increased frequency of sister-chromatid
exchange and altered alkaline comet assay scores in superovulation
cycles for unexplained infertility. Eur J Obstet Gynecol Reprod Biol
2004;113:73–7.
23]  Gosden R. Chromosome analysis protocols. In: From chromosome
preparation from hematological malignancies methods in molecular
biology. Totowa, New Jersy: Humana Press, Inc.; 1994. p. 11–27.
24] Major J, Jakabn M,  Kiss G. Chromosome aberration, sister-chromatid
exchanges, proliferative rate index and serum thiocyanate con-
centration in smokers exposed to low-dose benzene. Environ Mol
Mutagen 1994;23:137–42.
25] Hagmar L. Cancer risk in humans predicted by increased levels of
chromosome aberrations in lymphocytes: Nordic study group on the
health  risk of chromosome damage. Cancer Res 1994;54:2919–22.
26] Bonassi S. Are chromosome aberrations in circulating lymphocytes
predictive of a future cancer onset in humans? Preliminary results of
an  Italian cohort study. Cancer Genet Cytogenet 1995;79:133–5.
27] Hagmar L. Chromosomal aberrations in lymphocytes predict human
cancer:  a report from the European Study Group on Cytogenetic
Biomarkers and Health (ESCH). Cancer Res 1998;58:4117–21.
28]  Monteiro N, Lazaro C, Tavares D. Frequency of chromosomal aberra-
tions  in peripheral lymphocytes of tannery workers in Brazil. Environ
Toxicol  Pharmacol 2010;29(1):3–6.
29] Obe G, Pfeiffer P, Savage J. Chromosomal aberrations: formation,
identiﬁcation and distribution. Mutat Res 2002;504:17–36.
30]  Johannes O, Schulte-Frohlinde D. DNA doublestrand breaks induced
by  sparsely ionizing radiation and endonucleases as critical lesions
for  cell death, chromosomal aberrations, mutations and oncogenic
transformation. Mutagenesis 1992;7:3–12.
31]  Pfeiffer P, Goedecke W,  Obe G. Mechanisms of DNA double-strand
break repair and their potential to induce chromosomal aberrations.
Mutagenesis 2000;15:289–302.
32] Caldecott K. Mammalian DNA single-strand break repair: an X-
ra[y]ted affair. Bioessays 2001;23:447–55.
33] Newcomb T, Loeb L. Oxidative DNA damage and mutagenesis. In:
DNA  damage and repair. Totowa, New Jersey: Humana Press; 1998.
p.  65–84.
34]  Johnson R, Liu N, Jasin M.  Mammalian XRCC2 promotes the repair
of  DNA double-strand breaks by homologous recombination. Nature
1999;401:397–9.
35] Lamberti L, Bigatti P, Ardito G, Armellino F. Chromosome analysis in
operating  room personnel. Mutagenesis 1989;4:95–97.
36]  Rozgaj R, Kasˇuba V, Peric´ M.  Chromosome aberrations in operating
room personnel. Am J Ind Med  1999;35:642–6.
37]  Bigatti P, Lamberti L, Ardito G. Chromosome aberrations and sister
chromatid exchanges in occupationally exposed workers. Med Lav
1985;76:334–9.
38]  Karelova J, Jablonicka A, Gavora J. Chromosome and sister-chromatid
exchange analysis in peripheral lymphocytes and mutagenicity of
urine  in anesthesiology pesonnel. Int Arch Occup Environ Health
1992;64:303–6.
39] Bonassi S, Forni A, Bigatti P. Chromosome aberrations in hospital
workers: evidence from surveillance studies in Italy. Am J Ind Med
1997;31:353–60.
40]  Bonassi S, Ceppi M, Fontana V. Multiple regression analysis of cyto-
genetic human data. Mutat Res 1997;313:69–80.
41]  Bilban M,  Bilban-Jakopin C, Ogrinc D. Cytogenetic tests performed
on operating room personnel [the use of anaesthetic gases]. Int Arch
Occup  Environ Health 2005;8:60–4.
42] Rozgaj R, Kasˇuba V, Jazbec A. Preliminary study of cytogenetic
damage in personnel exposed to anesthetic gases. Mutagenesis
2001;16(2):139–43.
43]  Husum B, Wulf H. Sister chromatid exchanges in lymphocytes in
operating room personnel. Acta Anaesthiol Scand 1980;24:22–4.
44] Sardas S, Cuhruk H, Karakaya A. Sister-chromatid exchanges in oper-
ating  room personnel. Mutat Res 1992;279:117–20.45]  Natarajan D, Santhiya S. Cytogenetic damage in operation theatre
personnel. Anaesthesia 1990;45:574–7.
46] Eroglu A, Celep F, Erciyes N. Comparison of sister chromatid
exchanges in lymphocytes of anesthesiologists to nonanesthesiol-
ogists in the same hospital. Anesth Analg 2006;102:1573–7.
